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Abstract   
Depending upon preceding dietary exposure, the tortoise beetle, Cassida nebulosa L. (Coleoptera: Chrysomelidae), exhibits 
various feeding responses to spinach, Spinacia oleracea L. (Chenopodiaceae). Adult tortoise beetles reared as adults on the 
main host Chenopodium album var. centrorubrum Makino (CAC) (Chenopodiaceae) eat little spinach, whereas those reared on 
spinach accept this plant as food. In this study, we investigated the suppressive effect of exposure to CAC on the feeding 
response of tortoise beetles to spinach. To investigate the effect of chemical factors in CAC, we provided beetles with 
Gomphrena globosa L. (Amaranthaceae) as the base food and exposed them to a CAC extract, because bioassays have 
indicated that exposure to G. globosa did not affect the feeding response of beetles to spinach. Adults reared on G. globosa 
treated with CAC extract consumed significantly less than adults reared on untreated G. globosa. Thus, we determined that 
exposure to CAC components is responsible for the suppressive effect on the feeding response to spinach observed in the 
beetles. In a choice feeding test with membrane filter discs, we found that adults reared on G. globosa treated with CAC 
extract exhibited a greater feeding deterrent response to the spinach deterrent than adults reared on untreated G. globosa 
leaves. Therefore, the suppression of spinach consumption due to exposure to CAC is probably caused by the development of 
a response to the feeding deterrents present in spinach. 
Keywords: introduction of feeding preference, Chenoposiaceae, Amaranthaceae, Gomphrena globosa, feeding deterrent, 
Chrysomelidae, Coleoptera, experience 
 
Introduction 
Phytophagous insects change their feeding behaviour in response 
to previous experiences (Papaj & Prokopy, 1989; Szentesi & 
Jermy, 1990; Bernays & Weiss, 1996; Schoonhoven et al., 2005). 
When phytophagous insects prefer to consume a plant that they 
have previously consumed, regardless of whether it is the most 
appropriate food for their development, it is termed ‘induction of 
preference’ (Bernays & Chapman, 1994; Bernays, 1995). This 
phenomenon is observed in several insect groups, particularly of 
the order Lepidoptera (Szentesi & Jermy, 1990). For example, 
fifth instars of the corn earworm, Helicoverpa zea (Boddie), that 
are reared on dandelion, Taraxacum officinale Wiggers, or 
geranium, Pelargonium × hortorum, plants since their first instar, 
prefer to eat the plant on which they were reared (Jermy et al., 
1968). Similarly, last instars of the tobacco hornworm, Manduca 
sexta L., reared from the second instar on any of the solanaceous 
plants tobacco (Nicotiana tabacum L.), Jerusalem cherry 
(Solanum pseudocapsicum L.), or tomato (Solanum lycopersicum 
L.), also prefer the plant on which they were reared (Jermy et al., 
1968). 
 The mechanisms underlying induction of food preference are 
unclear. However, habituation to a deterrent, increased ability to 
process xenobiotics, imprinting, sensitization, and associative 
learning may all play roles in the induction of preference. These 
processes, alone or in combination, can cause the observed 
changes in feeding behaviour (Bernays & Weiss, 1996). Renwick  
 & Huang (1995) reared Pieris rapae L. neonates on cabbage, 
Brassica oleracea L., and Tropaeolum majus L., and it was 
observed that although older larvae of the latter group ate T. 
majus, those of the former group refused to feed on this plant. 
The altered feeding behaviour of P. rapae has been explained by 
habituation of the larvae to deterrents, mainly chlorogenic acid 
(Huang & Renwick, 1995). Similarly, larvae of M. sexta, which 
primarily feed on plants of the family Solanaceae, also feed on 
non-solanaceous plants. However, once M. sexta larvae are fed 
solanaceous plants, they refuse to consume non-solanaceous 
plants (Yamamoto, 1974; Flowers & Yamamoto, 1982; de Boer 
& Hanson, 1984) or artificial diet (Schoonhoven, 1967). This 
host plant specificity might be induced by dependence on 
indioside D, a component of solanaceous plants (del Campo et 
al., 2001). 
The tortoise beetle Cassida nebulosa L. (Coleoptera: 
Chrysomelidae) primarily feeds on Chenopodium album L. and 
Chenopodium album var. centrorubrum Makino (CAC) 
(Chenopodiaceae). Cassida nebulosa is a pest of the sugar beet, 
Beta vulgaris L. (Chenopodiaceae). These beetles rarely feed on 
spinach, Spinacia oleracea L., also a chenopodiaceous plant, 
despite the fact that newly emerged adults can feed on spinach. 
Although spinach is not a suitable food for the larvae of tortoise 
beetles [adult emergence rate is less than 20% (A Nagasawa, 
unpubl.)], adults reared on spinach can oviposit on the spinach 
plant. However, adults reared on CAC refuse to eat spinach  
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(Nagasawa & Matsuda, 2005). It is suggested that the beetles 
reared on spinach could eat spinach because of habituation to the 
deterrents present in the spinach plant (Nagasawa & Matsuda, 
2007). In contrast, the dietary exposure of beetles reared on CAC 
may result in suppression of the feeding response to spinach, which 
causes the beetles to reject spinach (Nagasawa & Matsuda, 2005). 
This suppression may be because the beetles reared on CAC 
become sensitive to the deterrents in spinach and/or because they 
may become dependent on the CAC components. In our previous 
studies, beetles were provided with spinach leaves containing 
feeding deterrents (Nagasawa & Matsuda, 2007), which were 
included by treating the leaves with CAC extracts (Nagasawa & 
Matsuda, 2005). However, because the chemical factors in both 
CAC and spinach could affect the beetles simultaneously, it was 
difficult to identify the factor responsible for suppression of the 
feeding response to spinach. In the study on the lepidopteran M. 
sexta, insects were fed an artificial diet containing plant extracts 
but lacking constituents of their host plants (del Campo & Renwick, 
2000). Leaf beetles are difficult to rear on artificial diets. Cassida 
nebulosa individuals required dietary supplements of CAC 
constituents to accept the artificial substrate diets provided 
(Nagasawa & Matsuda, 2007). Therefore, other Chenopodiaceae 
and Amaranthaceae plants were tested to identify a plant species 
that can be used as a base food for the beetle. Among the test plants, 
Gomphrena globosa L. (Amaranthaceae), when used as a base 
substrate, did not affect the feeding response of the beetles to 
spinach. Therefore, we used G. globosa leaves in this study as a 
base food to investigate the factors responsible for the suppression 
of the feeding response to spinach caused by CAC. 
 
Materials and methods 
Insects and Plants 
Cassida nebulosa were collected in the experimental field of the 
Graduate School of Agricultural Science, Tohoku University, Japan 
(38° 28′ N, 140° 87′E). The insects were reared on the leaves of C. 
album and CAC collected from the same field. In the winter, the 
adult beetles were reared on spinach leaves and the larvae on the 
leaves of C. album and CAC that were grown in a greenhouse. The 
insects were reared at 24 ± 1 °C and L16:D8 photoperiod. 
We used two wild plants that grew naturally in the field [CAC 
(Chenopodiaceae) and Amaranthus lividus L. (Amaranthaceae)], 
and three cultivated plants that were grown in planters [spinach, 
sugar beet (both Sakata Seed Corporation, Yokohama, Japan), and 
G. globosa (Daiichi Engei Company, Tokyo, Japan)]. These plants 
were used as the base food to investigate the relationship between 
feeding experience and feeding response to determine the chemical 




Chenopodium album var. centrorubrum leaves were ground, 
homogenized in water (l ml/g fresh leaves), and filtered. The 
filtrate was freeze dried and residue was used as a feeding 
stimulant for a feeding test with membrane filter discs.  
Fresh leaves of CAC, spinach, and G. globosa were soaked in 
methanol. The methanol extracts were then allowed to evaporate to 
dryness under reduced pressure at approximately 40 °C. These 
extracts were used for bioassays and chemical analyses. 
 
Consumption of leaves of Chenopodiaceae or Amaranthaceae 
plants by adults reared on CAC 
To test acceptance of different plant species after CAC 
consumption, adult beetles that had emerged within the preceding 
24 h were reared on CAC leaves for 4 days. After starvation for 24 
h, a no-choice feeding assay was conducted. A filter paper disc (70 
mm diameter) was placed on the bottom of a Petri dish (15 mm 
height × 60 mm diameter) and moistened with 0.3 ml pure water to 
maintain humidity. Leaf fragments of CAC, spinach, B. vulgaris 
(all three Chenopodiaceae), A. lividus, and G. globosa (both 
Amaranthaceae) were weighed and placed in separate Petri dishes. 
Six adults, reared on CAC leaves as described above, were released 
into each Petri dish. Ten replicates (10 separate Petri dishes) were 
used for each species. The experiment was carried out for 2 h at 24 
± 1 °C and constant light. To detect any moisture loss from the 
leaves due to evaporation, we also prepared three test Petri dishes 
with leaves without insects to serve as control. After each 
experiment, the leaves were weighed and leaf consumption was 
calculated using the following formula: 
E = T − T' C / C' 
where E is consumption, T is the weight of the leaf before the test, 
T' is the weight of the leaf after the test, C is the average weight of 
the control leaves before the test, and C' is the average weight of 
the control leaves after the test. 
 
Consumption of spinach leaves by adults reared on 
Chenopodiaceae or Amaranthaceae 
Adults that emerged within the preceding 24 h were reared on 
leaves of chenopodiaceous (CAC, spinach, or B. vulgaris) or 
amaranthaceous (A. lividus or G. globosa) plants for 4 days. The 
adults were starved for 24 h, then they were subjected to a 
no-choice feeding experiment. The spinach consumption was 
evaluated according to the experimental design described above. 
The experiment was performed with 7-10 replicates for each 
species. 
 
Effects of dietary exposure to CAC or Gomphrena globosa 
extracts on the feeding response to spinach 
To investigate the effects of past dietary exposure to the chemical 
constituents of CAC on the feeding response to spinach, no-choice 
feeding tests were carried out on adults reared on G. globosa leaves 
treated with leaf extracts of CAC instead of whole leaves. 
Concentrates from CAC were redissolved in methanol, and the 
concentration was adjusted to 1 g fresh leaf equivalent per 1 ml of 
methanol. The CAC extract was uniformly applied to the upper 
surface of a G. globosa leaf (1 ml extract solution per g leaf). 
Methanol-treated G. globosa leaves were used as the control. Each 
treated leaf was fed to naive adults within 24 h after their 
emergence, and they were allowed to feed on the leaf for 4 days. 
After 4 days, the adults were starved for 24 h and used in no-choice 
feeding tests for spinach as described above. Each treatment was 
performed with seven replicates. 
Similarly, to confirm that dietary exposure to G. globosa extract 
does not affect feeding response to spinach, no-choice feeding tests 
were performed using adults reared on CAC or spinach leaves 
treated with G. globosa extract. Gomphrena globosa extract (1 g 
fresh leaf equivalent per ml methanol) was uniformly applied to the 
upper surface of a CAC leaf or a spinach leaf. Chenopodium album 
var. centrorubrum or spinach leaves treated with methanol alone 
were used as the controls. After the adult beetles were reared on 
these leaves for 4 days, they were starved for 24 h and used in a 
no-choice feeding test with spinach as described above. Each 
treatment was performed with 13 replicates. 
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Presence of a feeding deterrent in Gomphrena globosa extract 
To investigate whether the feeding deterrent metabolites of spinach 
are present in G. globosa, a feeding test using adults reared on 
CAC and chemical analysis were conducted. The feeding deterrent 
activity was estimated using cellulose acetate membrane filter discs 
(13 mm diameter; Toyo Roshi Kaisha, Tokyo, Japan). Gomphrena 
globosa and ground CAC extracts were dissolved in methanol (1 g 
fresh leaf equivalent/ml each). Treated discs were prepared by 
applying this solution to membrane filter discs (0.025 ml/disc) and 
air drying them. Control discs were prepared similarly, but with a 
solution of ground CAC extract alone (1 g fresh leaf equivalent per 
ml methanol). A filter paper disc (50 mm diameter) was placed on 
the bottom of each Petri dish (15 mm height × 55 mm diameter) 
and moistened with 0.1 ml pure water to maintain humidity. A 
round plastic plate (50 mm diameter) with a hole (15 mm diameter) 
at the centre was placed on the filter paper to prevent the discs from 
coming into contact with the moistened filter paper. Two membrane 
filter discs (treated and control discs) were placed on the plastic 
plates and moistened with 0.025 ml pure water. Six adults reared on 
CAC for 4 days and then starved for 24 h were released into each 
Petri dish. Nineteen replicates (19 separate Petri dishes) were used 
for each treatment. The experiment was carried out for 24 h under 
the same rearing conditions. After the test, the adults were removed 
and the discs were dried. The membrane filter discs were scanned, 
and the images were magnified on a computer. The scanned images 
were partitioned into 0.325 mm squares. Blocks with feeding marks 
on the surface were counted as 1 point, and blocks that had feeding 
holes through the disc were counted as 2 points. Discs that had 
been completely consumed were assigned 2600 points. 
Furthermore, thin-layer chromatography (TLC) was performed 
with a methanol extract of G. globosa for chemical determination 
of the presence of the spinach deterrent. Extracts from spinach, G. 
globosa, and CAC (approximately 4 g) were dissolved in 70% 
methanol in water and filtered. The filtrates were passed through 
Lichrolut RP-18 reverse phase columns (500 mg; Merck, 
Darmstadt, Germany) to remove non-polar and low-polarity 
substances. The filtrates were concentrated at approximately 40 °C 
under reduced pressure. The concentrates were redissolved in 70% 
methanol in water (10 g fresh leaf equivalent/ml). The single 
feeding deterrent compound isolated from spinach (Nagasawa & 
Matsuda, 2007) was also dissolved in 70% methanol in water (5 
mg/ml). These solutions (2 µl) were spotted on TLC plates (RP-18 
F254s, 5 × 10 cm; Merck) and developed using methanol : water 
(6:4) as the developing solvent. The feeding deterrent was then 
visualized by spraying the developed TLC plate with a saturated 
solution of sulphosalicylic acid in water followed by heating at 
120 °C for 5 min. 
 
Effect of dietary exposure to CAC extract on the feeding 
response to the spinach deterrent 
To investigate the effect of preceding dietary exposure to CAC 
extract on the feeding deterrent response of tortoise beetles to 
spinach, the feeding response to the spinach deterrent was 
examined using membrane filter discs. The CAC extract (1 g fresh 
leaf equivalent per ml methanol) was uniformly applied to the 
upper surface of a G. globosa leaf (1 ml extract solution per g leaf). 
Methanol-treated G. globosa leaves were used as controls. Naive 
adults were fed one treated leaf each within 24 h after emergence 
and they were allowed to feed on the leaf for 4 days. After 4 days, 
the adults were starved for 24 h and used in a feeding deterrence 
test (choice feeding test). The feeding deterrence test was 
conducted using membrane filter discs as described above. A 
solution of the extract of ground CAC (1 g fresh leaf equivalent per 
ml methanol) was applied to the discs (0.025 ml/disc) as the 
feeding stimulant, and the discs were air dried. A solution of the 
feeding deterrent compound isolated from spinach was prepared by 
dissolving the deterrent in pure water (0.1 g fresh leaf 
equivalent/ml). Two membrane filter discs to which CAC extract 
was applied were placed on the plastic plate and moistened with 
0.025 ml deterrent solution (test disc) or pure water (control disc). 
Six adults were released into each Petri dish. Twelve replicates (12 
separate Petri dishes) were used for each treatment (adults exposed 
or unexposed to the CAC extract). After the test (test duration 24 h), 
feeding points were counted as described above. Intensity of the 
feeding deterrent response was expressed by the feeding deterrent 
index  
[feeding deterrent index = 100 × (feeding point on test disc – 
feeding point on control disc)/(feeding point on test disc + feeding 
point on control disc)]. 
 
Statistical analysis 
The Tukey-Kramer honestly significant difference (HSD) test was 
used to compare the consumption of plants by adults reared on 
CAC. Dunnett’s method was used to compare spinach consumption 
between adults reared on CAC and adults reared on other plants. 
Student’s t-test was used to compare spinach consumption between 
adults reared on the treated leaves and adults reared on control 
leaves. The Wilcoxon signed-rank test was used to compare 
differences in the feeding points between membrane filter discs 
containing G. globosa extract and control discs. Further, Wilcoxon 
rank-sum test was used to compare the differences in the feeding 
deterrent index between adults reared on G. globosa leaves treated 
with CAC extract and those reared on control leaves. All statistical 
analyses were performed using JMP 5.0 for Macintosh (SAS 
Institute, Cary, NC, USA). 
 
Results 
Consumption of chenopodiaceous or amaranthaceous leaves by 
adults reared on CAC 
In the no-choice feeding experiment, adults reared on CAC 
consumed large quantities of G. globosa, B. vulgaris, and CAC. 
However, the beetles showed a significantly lower consumption of 
A. lividus and spinach (Tukey-Kramer HSD test: P<0.05) (Figure 
1). 
 
Spinach consumption by adults reared on chenopodiaceous or 
amaranthaceous plants 
Adults reared on CAC consumed little spinach, whereas those 
reared on spinach exhibited higher spinach consumption (Figure 2). 
Adults reared on B. vulgaris exhibited low spinach consumption, 
which was not significantly different from that of adults reared on 
CAC (Dunnett’s method: P>0.05). In contrast, spinach 
consumption by adults reared on A. lividus or G. globosa was 
significantly higher than that by adults reared on CAC (Dunnett’s 
method: P<0.05) (Figure 2). 
 
Effects of exposure to CAC or Gomphrena globosa extract on 
the feeding response to spinach 
Adults reared on G. globosa control leaves consumed spinach, 
whereas those reared on G. globosa leaves treated with CAC 
extracts exhibited low spinach consumption. Spinach consumption 
significantly differed between adults reared on treated vs. control 
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leaves (t = 6.683, d.f. = 12, P<0.001) (Figure 3). Further, it did not 
significantly differ between adults reared on CAC leaves treated 
with G. globosa extract vs. control CAC leaves (mean consumption 
by six adults ± SEM = 14.8 ± 1.6 and 14.1 ± 2.2 mg, respectively; 
13 replicates each) (t = 1.182, d.f. = 24, P = 0.25). These results 
indicate that spinach consumption did not increase due to dietary 
exposure to the chemical constituents of G. globosa. Further, 
spinach consumption did not differ between adults reared on 
spinach leaves treated with G. globosa extract vs. control spinach 
leaves (0.5 ± 0.4 vs. 0.2 ± 0.2 mg, respectively; n = 13 each) (t = 
0.251, d.f. = 24, P = 0.80). This result indicated that spinach 
consumption did not decrease because of the dietary exposure to 

















































Presence of a feeding deterrent in Gomphrena globosa extract 
The presence of a compound in G. globosa that might affect the 
feeding behaviour of tortoise beetles reared on this plant was 
examined by the membrane filter method. Leaf consumption (mean 
feeding points ± SEM) did not significantly differ between the disc 
treated with G. globosa extract (319.8 ± 30.5) and the untreated 
(control) disc (318.3 ± 28.3) (Wilcoxon signed-rank test: P>0.05; n 
= 19). In addition, TLC analysis of the G. globosa extract did not 
reveal any visible spots that had a rate of flow (Rf) similar to that 
of the feeding deterrent from spinach. 
 
Effect of dietary exposure to CAC extract on feeding response 
to the spinach deterrent 
The effect of dietary exposure to the CAC extract on the feeding 
response to the spinach deterrent was examined by the membrane 
filter method. The feeding deterrent index of adults that were 
reared on G. globosa leaves treated with CAC extract was 
significantly higher than that of control adults (Wilcoxon rank-sum 
test: P<0.01; n = 12) (Figure 4). 
 
Discussion 
Our previous study indicated that the feeding response of adult 
tortoise beetles to spinach was negatively affected by preceding 
exposure to CAC and positively affected by preceding exposure to 
spinach (Nagasawa & Matsuda, 2005). In this study, we 
investigated the mechanism underlying the alteration of feeding 
response to spinach caused by preceding exposure to CAC. There 
are three possible explanations for our results. 
 
(1) The beetles may become sensitive to the feeding deterrent 
contained in spinach because the insects are not habituated to 
feeding on spinach. The beetles may naturally develop sensitivity 
after eating CAC (or similar plants), which lacks the chemical 
compounds necessary to suppress the development of sensitivity to 
the deterrent. This explanation is based on a phenomenon that is 
observed in P. rapae. Tropaeolum majus is an acceptable host for P. 
rapae larvae. However, larvae refuse to eat T. majus if they have 
had previous dietary exposure to cabbage, which is their main host. 
Renwick & Huang (1996) suggested that cabbage does not contain 
the chemicals that induce sensitivity to deterrents because neonate 
larvae reared on cabbage foliage treated with T. majus extract 
containing deterrents remained insensitive to the deterrents. 
Therefore, sensitivity development probably only occurs in the 
insects that feed on certain plants lacking chemical suppressors 
(Renwick & Huang, 1996). 
(2) The tortoise beetles may become addicted to certain 
compounds found in CAC after preceding dietary exposure to this 
plant. Consequently, because spinach does not contain the same 
addictive compound present in CAC, beetles that have been 
previously exposed to CAC reject this food plant. This explanation 
is based on the mechanism of induced preference observed in M. 
sexta. This insect feeds exclusively on solanaceous plants. 
However, the first instars of M. sexta can feed and grow on plant 
species of other families. Larvae that feed on solanaceous plants 
show a strong preference for solanaceous plants and will reject 
non-solanaceous plants (Yamamoto, 1974; Flowers & Yamamoto, 
1982; de Boer & Hanson, 1984). This induced preference is caused 
by the larvae developing dependence on indioside D, a component 
of solanaceous plants. Exposure to indioside D enhances the 
insect’s response to this chemical as compared to its response to 
other feeding stimulants. Therefore, M. sexta will consume only  
Figure 1 Mean (± SEM) consumption of chenopodiaceous and 
amaranthaceous plants by Cassida nebulosa adults reared on 
Chenopodium album var. centrorubrum (CAC), in no-choice tests. Ten 
replicates of six adults each were used for each test species. Bars labelled 
with the same letter are not significantly different (Tukey-Kramer HSD 
test: P>0.05). 
Figure 2 Effects of preceding feeding on chenopodiaceous and 
amaranthaceous plants on mean (± SEM) spinach consumption by 
Cassida nebulosa, in no-choice tests. n, number of insect groups (six 
adults per group) used for each test species. * Significantly different from 
consumption by adults reared on CAC (Dunnett’s method: P<0.05). 
 
 






























































solanaceous plants if it has been previously reared on solanaceous 
plants (del Campo et al., 2001).  
(3) The beetles may develop sensitivity to the feeding deterrents 
found in spinach because they have been exclusively fed on CAC. 
Chenopodium album var. centrorubrum contains an ‘inducer’ of 
sensitivity to the feeding deterrent found in spinach. Therefore, the 
beetles previously fed on CAC acquire sensitivity to the feeding 
deterrents in spinach, and subsequently reject it. Thus far, however, 
no evidence of this factor has been reported. 
 
In the case of C. nebulosa, adults reared on spinach treated with 
CAC extracts ate slightly less spinach (Nagasawa & Matsuda, 
2005). Therefore, exposure to the ‘inducer’ present in CAC is 
likely to suppress the feeding response to spinach in beetles. This 
result suggests that the components present in CAC that were 
consumed by the beetles suppress their feeding response to spinach. 
Thus, it is unlikely that the first hypothesis, which suggests that the 
beetles develop sensitivity to the feeding deterrent in spinach by 
not consuming spinach, is true. However, because this effect 
appeared mild, it is uncertain whether this suppressive effect was 
the main factor responsible for the alteration of the feeding 
response to spinach. Habituation to the spinach deterrent may have 
counteracted the effect of the CAC extract. Additionally, it is 
difficult to discriminate between the second and third possibilities 
solely on the basis of the results of the feeding tests involving the 
use of spinach treated with CAC extract because of the feeding 
deterrents present in spinach (Nagasawa & Matsuda, 2007). 
Therefore, in this study, we investigated chenopodiaceous and 
amaranthaceous plants for species that could be used as a base food 
for the examination of CAC extracts. Chenopodium album var. 
centrorubrum and B. vulgaris showed similar effects in feeding 
tests to Chenopodiaceae and Amaranthaceae by adults reared on 
CAC and in feeding tests to spinach by adults reared on 
Chenopodiaceae and Amaranthaceae. These similarities are 
probably due to the chemical similarities between these 
Chenopodiaceae plants. Therefore, B. vulgaris is not suitable for 
use as a rearing substrate for tortoise beetles. Also spinach and A. 
lividus showed similar effects in feeding tests to Chenopodiaceae 
and Amaranthaceae for adult beetles that were reared on CAC and 
in feeding tests to spinach by adult beetles reared on 
Chenopodiaceae and Amaranthaceae, indicating that A. lividus is 
also not a suitable rearing substrate for the beetles. It is interesting 
to note that spinach (Chenopodiaceae) and A. lividus 
(Amaranthaceae) cause similar effects across families. In feeding 
tests C. nebulosa consumed many plants in the Chenopodiaceae 
and Amaranthaceae families (A Nagasawa, unpubl.). These two 
families might bear chemical similarities. However, unlike CAC, 
spinach contains compounds that function as feeding deterrent for 
the tortoise beetle. Such additional factors may lead to similar 
effects observed across families. In contrast, the feeding response 
to spinach of the beetles reared on G. globosa was different from 
that of the beetles reared on CAC, and the feeding behaviour of 
beetles reared on CAC differed in response to G. globosa vs. 
spinach. This suggests that the effects on the beetles caused by G. 
globosa differed from those by both CAC and spinach. In addition, 
dietary exposure to the chemical constituents of G. globosa did not 
affect the feeding response to spinach in the beetles. Therefore, G. 
globosa leaves were considered useful as a rearing substrate for 
tortoise beetles to investigate the effect of the chemical constituent 
in CAC. Adults reared on G. globosa treated with CAC extract also 
ate less spinach. This result indicated that CAC constituents 
Figure 4 Effects of preceding dietary exposure to a Chenopodium 
album var. centrorubrum (CAC) extract on the mean (± SEM) feeding 
response of Cassida nebulosa to the feeding deterrent. Adults were 
reared on Gomphrena globosa leaves treated with CAC extract or 
methanol (control). The feeding response was assayed by a choice of 
membrane filter discs. Twelve replicates of six adults each were used 
for each treatment. Bars indicate the feeding deterrent index, i.e., the 
intensity of the deterrent response [calculated as: (feeding points on 
control disc – feeding points on deterrent treated disc)/(total feeding 
marks)]. * Significantly different from control (Wilcoxon rank-sum test: 
P<0.01). 
 
Figure 3 Effects of preceding dietary exposure to Chenopodium album 
var. centrorubrum (CAC) extract on the mean (± SEM) feeding 
response of Cassida nebulosa to spinach, in no-choice tests. Adults 
were reared on Gomphrena globosa leaves treated with CAC extract or 
methanol (control). Seven replicates of six adults each were used for 
each treatment. * Significantly different from control (Student’s t-test: 
P<0.001). 
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induced suppression of spinach consumption. The effect of the 
CAC constituents could be explained by the latter two possible 
mechanisms. Adults reared on CAC consumed CAC but not 
spinach. If the second explanation were true, this can be explained 
as the beetles develop a preference for CAC because of the specific 
compounds present therein. In other words, the induced adults 
refused to consume spinach, which lacks CAC-specific compounds. 
However, these CAC-reared adults consumed G. globosa. 
According to the second explanation, G. globosa must contain 
CAC-specific compounds, because CAC-reared adults could 
consume this plant. At the same time, however, it can be reasoned 
that G. globosa should not contain CAC-specific compounds 
because adults reared on G. globosa ate spinach. These two 
assumptions are contradictory. This result suggests that the second 
hypothesis is implausible because it cannot appropriately explain 
the mechanism underlying the reduced feeding response. 
The third possible explanation is that the feeding response to 
spinach was suppressed in the beetles because they became 
sensitive to the feeding deterrents in spinach due to preceding 
dietary exposure to CAC. If this explanation were true, the high 
consumption of G. globosa by CAC-reared adults would have been 
caused by the absence of spinach deterrents in G. globosa. This 
assumption would not conflict with our finding that adults reared 
on G. globosa ate spinach, provided G. globosa did not contain a 
sensitivity ‘inducer’ of spinach deterrents. TLC analysis revealed 
that no feeding deterrent present in spinach was found in G. 
globosa. In addition, adults did not show reduced feeding in 
response to the G. globosa extract, suggesting that G. globosa 
contains little or no feeding deterrent. This suggests that the 
acceptance of spinach by the beetles reared on G. globosa is 
because of the lack of exposure to a sensitivity ‘inducer’ to the 
feeding deterrent rather than habituation to the deterrent itself. To 
verify the third explanation directly, the feeding response to the 
spinach deterrent in adult beetles exposed to CAC was compared to 
the response in adults that were not exposed to CAC. The response 
to the deterrent compound present in spinach was stronger in adults 
reared on G. globosa leaves treated with CAC extract than in adults 
reared on untreated G. globosa leaves. Therefore, the third 
explanation is consistent with the observed refusal to eat spinach 
by the beetles reared on CAC. 
In this study, we did not present direct evidence negating the 
second explanation. Further, we did not furnish positive evidence 
supporting the second explanation. However, we were able to 
determine that preceding exposure to CAC enhanced the feeding 
deterrent response in C. nebulosa because adults reared on G. 
globosa neither decreased nor increased their consumption of 
spinach. Increased sensitivity to deterrents in other plants caused 
by dietary experience with the host plant has not been reported thus 
far. The use of G. globosa as a feeding substrate may provide a 
means to study the factor present in CAC that enhances the feeding 
deterrent response in the beetles. In addition, the beetles have been 
found to alter their feeding response to spinach by habituation to a 
deterrent (Nagasawa & Matsuda, 2007). Therefore, the altered 
feeding behaviour to spinach in response to prior dietary 
experience is considered to be a combination of two factors: the 
positive effect caused by habituation to the deterrents (from eating 
spinach) and the negative effect caused by an enhanced deterrent 
response (from eating CAC). Thus, induction of food preference is 
a complex phenomenon that involves multiple factors. 
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